Abstract: Fatigue cracks are critical structural concerns for steel highway bridges, and fatigue 22 initiation and propagation activity continues undetected between physical bridge inspections.
initiation and propagation activity continues undetected between physical bridge inspections. 23 Monitoring fatigue crack activity between physical inspections can provide far greater reliability 24 in structural performance and can be used to prevent excessive damage and repair costs. In this 25 paper, a thin-film strain sensor, termed a soft elastomeric capacitor sensor (SEC), is evaluated for 26 sensing and monitoring fatigue cracks in steel bridges. The SEC is a flexible and mechanically-27 robust strain sensor, capable of monitoring strain over large structural surfaces. By deploying 28 multiple SECs in the form of dense sensor arrays, it is possible to detect fatigue cracks over large 29 regions of a structural member such as a bridge girder. Previous studies verified the SEC's 30
Introduction

46
Monitoring of fatigue cracks is critical for detecting and preventing excessive damage that 47 can lead to bridge failure (Haghani et al. 2012 ). Visual inspection is the most commonly-used 48 approach for detecting crack activity; however, it is labor-intensive, potentially dangerous, and 
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Page 3 of 28 shown various levels of success for detecting and/or monitoring fatigue cracks. Nevertheless, these 54 techniques usually rely on extensive human involvement and/or complex data processing 55 algorithms, which may limit their success and level of applicability. In this section, the fundamental sensing principle of the SEC is first introduced. It is then 115 extended for fatigue crack sensing of steel bridge structures.
116
SEC Technology
117
The SEC is a large-area flexible capacitor comprising a dielectric sandwiched between two Page 6 of 28 (DAQ) system for capacitance measurement.
123
The SEC can be used as a large-area strain gauge by deploying it on a structural surface using 
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SEC-based Fatigue Crack Sensing in Steel Bridges
140
The strain sensing principle of the SEC can be adapted to fulfil the purpose of fatigue crack compared with mean capacitance, the peak-to-peak capacitance is more robust and less sensitive 164 to capacitance drift over long term. Therefore, the peak-to-peak capacitance was adopted as the 165 means for sensing fatigue crack in this study. visually measure crack length during the test. On the reverse side, an SEC was attached to the 176 specimen using JB-Weld bi-component epoxy (Figure 3c ). An off-the-shelf DAQ system (ACAM 177 PCAP02) was used to measure capacitance (Figure 3a) . For the laboratory test in this study, we adopted a similar strategy through a multi-rate loading shown in Figure 7b . The PSD curves of the applied load FT(t) and capacitance measurement CT(t) 288 both exhibited a broad-band feature due to multiple frequency contents in the traffic load cycles.
289
To obtain robust results, the moving-average filter is necessary to smooth the PSD curves. With (1/16 in.) was recorded. This information was converted to the crack propagation rate in terms of 302 da/dN (increment of crack length per load cycle). Table 1 summarizes typical crack propagation   303 rates and number of cycles under each ∆K throughout the test.
304
The crack propagation rate, da/dN, was found to be 8.0×10 -5 mm/cycle (3.13x10 -6 in./cycle) 305 at the beginning of the test when ∆K = 22.0 MPa√m (20 ksi√in.), after which it decreased as the CGIs, which will be discussed in the next paragraph. filter is applied to the truncated PSDs to smooth out the scattered peaks to achieve flat plateaus,
386
shown as triangle-dotted lines in Figure 11a . Similar processing method is applied to the PSDs of 387 the measured load (Figure 11b) . However, the raw PSD curves are smoothed using the same 388 moving-average filter without truncation due to less noise content in the load measurements. 
402
CGI Extraction and Crack Sensing Results
403
By following the proposed crack sensing algorithm shown in Figure 7 , the CGIs can be 404 extracted from the measurements taken at different crack lengths. Figure 12 shows the CGIs under 405 both harmonic and traffic load cycles. 
